
Supplementary1

1 Hardware System2

The 3D tracking system is primarily composed of two subsystems: the magnetic field generating sub-3

system and the magnetic field perceiving subsystem ( Fig. 1). The field generating subsystem consists4

of multiple transmitter coils, each driven by an H-bridge circuit capable of producing controlled alter-5

nating magnetic fields (Fig. 2). These coils are typically distributed spatially in the environment or6

on objects of interest. Each H-bridge operates as a switching amplifier that converts digital control7

signals into bidirectional current excitation through the transmitter coils. By selectively modulating8

each coil at a distinct time slot, the system creates a spatially varying and temporally separable mag-9

netic field distribution. This is illustrated in the central of Fig. 1, which visualizes the magnetic field10

intensities as a spatially smooth and centered gradient, ideal for multilateration-based localization.11

The field perceiving subsystem begins with a passive receiver coil that detects the magnetic field12

strength at its location. The induced signal is then passed to a two-stage analog signal processing13

circuit. The first stage includes a linear amplifier and frequency selection filter, which isolates the14

frequency band of interest corresponding to a specific transmitter. This stage enhances signal quality15

and suppresses out-of-band noise. The filtered analog signal is then routed to a logarithmic amplifier,16

which compresses the signal dynamic range and facilitates robust amplitude tracking across a wide17

range of field intensities. This processed analog voltage is finally digitized by an ADC for further18

computational processing (Fig. 3).19

Fig. 1: The hardware system diagram
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Fig. 2: The transmitter system schematic
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COMM 2

OFLT 3
VOUT 4

VPOS5
BFIN 6ENBL7

INHI8
U15

AD8310ARM

AGND_X

Signal_X
33nF

C48

330

R56

2k
R64

56nF
C68 68nF

C61 680nF
C58

12k
R57

33nF
C57

0.01uF
C70

0.1uF
C71

100uF

C69

AVDD

4.7

R66

AD_X

a small series resistor can be placed in the 
power  line to give additional filtering of 
power-supply noise. Input：40uV-2.2V，
Output：0.4V-2.6V

INLO1

COMM 2

OFLT 3

VOUT 4

VPOS5
BFIN 6ENBL7

INHI8
U18

AD8310ARM

AGND_Y

Signal_Y
33nF

C80

330

R90

2k
R99

56nF
C91 68nF

C90 680nF
C89

12k
R92

33nF
C88

0.01uF
C93

0.1uF
C94

100uF

C92

AVDD

4.7

R102

AD_Y

1
2

D10
SZESD9X5.0ST5G

1
2

D11
SZESD9X5.0ST5G

1
2

D12
SZESD9X5.0ST5G

Analog Process

IN8N1
IN8P2
IN7N3
IN7P4
IN6N5
IN6P6

IN5N7

IN5P8

IN4N9

IN4P10

IN3N11

IN3P12

IN2N13

IN2P14

IN1N15
IN1P16
TESTP_PACE_OUT117
TESTN_PACE_OUT218
AVDD19
AVSS20
AVDD21
AVDD22
AVSS23
VREFP24
VREFN25
VCAP426
NC27
VCAP128

NC29

VCAP230

RESV131

AVSS32 DGND 33DIN 34*PWDN 35*RESET 36CLK 37START 38*CS 39SCLK 40DAISY_IN 41GPIO1 42DOUT 43GPIO2 44GPIO3 45GPIO4 46*DRDY 47DVDD 48DGND 49DVDD 50DGND 51CLKSEL 52AVSS1 53AVDD1 54VCAP3 55AVDD 56AVSS 57AVSS 58AVDD 59RLDREF 60RLDINV 61RLDIN 62RLDOUT 63WCT 64

U17

ADS1294_PAG_64

10uF

C98
Cap Semi

100nF

C99
Cap Semi

22/10uFC101
Cap Semi

1uFC100
Cap Semi

AVDD

1uFC102
Cap Semi

AGND

DGND

AVDD

DVDD
DGND

AGND

100nFC85
Cap Semi

1uFC78
Cap Semi

33R125

33*R123

33R121

33R120
33R119
33R117
33R116
33R114
33R113

0*R91

10kR100

0R118

DGND

DAISY

10kR124ADC_CS
DVDD

ADC_CS

10kR126ADC_RESET

10kR128ADC_PWDN

0*R115GPIO4_S

0*R111GPIO3_S

0*R104GPIO2_S

0*R98GPIO1_S

ADC_START

ADC_SCLK

ADC_CLK
ADC_RESET
ADC_PWDN
ADC_MOSI

GPIO1_S
ADC_MISO
GPIO2_S
GPIO3_S
GPIO4_S
ADC_DRDY

ADC_REF

100nF

C49
Cap Semi

DVDD

100nF

C50
Cap Semi

100nF

C51
Cap Semi

100pF

C67
Cap Semi

DGND

100nF

C62
Cap Semi

100nF

C63
Cap Semi

100nF

C64
Cap Semi

100pF

C65
Cap Semi

AVDD

AGND 100pF

C66
Cap Semi

DAISY

10kR122ADC_START

*These resisters are series resisters 
for the backup testing and 
decreasing crosstalk.

Digital Input should be low when 
powering up.

using internal 
reference voltage

*These capacitors are bypass filtering capacitors for each sort of power 
supply. They should be put uniformly in the area of relevent power on PCB.

0*R96

0*R97

0*R103

AVDD

10K*
R60

10K*
R61

AVDD

10K*
R74

10K*
R75

AVDD

10K*
R82

10K*
R83

Signal conditioning channels for ADC

Position Signal with high 
frequency filter and pull 
up-down resistor.

0*R76
0*R77
0*R78
0*R80
0*R81
0*R84
0*R85
0*R89

AVDD

AGND

AGND

AGND

0*R112

ADC

VBUS 1
D- 2
D+ 3
ID 4

GND 5

6
7
8
9
10

U3

Micro USB Type B

DGND

VBUSFerriteBead1

USBDM
USBDP

10nF
C8

100nF
C9

4.7uF

C7

ESD_V
ESD_DM
ESD_DP

Power

ILIM01
ILIM12

LDO3V33
CLPROG4
NTC5 VOUT4 6

VOUT4 7

SW4 8

MODE9

FB4 10

FB3 11

VC3 12

SWAB3 13

VIN314

VIN315

VOUT3 16
VOUT3 17

EN318 SWCD3 19EN220 EN121

VIN422

FB2 23

VIN224

SW2 25

SW1 26

VIN127

FB1 28

PROG29

CHRG30

GATE 31

BAT 32

EN433

VOUT 34

VBUS35

VBUS36

SW 37

FAULT38

EP 39

U2

LTC3586EUFE-1#PBF

22uF

C11
TDK C2012

22uF

C12
TDK C2012

VBUS

VOUT

t?

R
es

 T
he

rm
al

100K

R3

DGND DGND

2K

R21

2.94K

R22

100nF
C22

1

2
3

Q1
Si2223

3.3uHL1

4.7uHL3

4.7uHL2

2.2uHL5

680K
R2

220K
R8

10uFC4

1uFC2
1uFC1

2.2pF
C5

10uF
C10

V1_3.3V

680K
R4

220K
R9

2.2pF
C6

10uF

C13

V2_3.3V

VIN4

VIN4

910K
R16

180K

R31

2.2pF
C21

22uF

C23

V4_5.0V

D1
LED0

16.9K

R1

1M

R23

1M

R25

1M

R27

DGND AGND

0 R35

0 R33
V1_3.3V

V4_5.0V

DVDD

AVDD

FerriteBead2

1
3

2

4
8

U16A
OPA2376AIDGKR

7
5

6

4
8

U16B
OPA2376AIDGKR

1
3

2

4
8

U19A
OPA2376AIDGKR

7
5

6

4
8

U19B
OPA2376AIDGKR

1
3

2

4
8

U21A
OPA2376AIDGKR

7
5

6

4
8

U21B
OPA2376AIDGKR

IMU & Zigbee

100nF

C39
Cap Semi

100nF

C40
Cap Semi

100nF

C41
Cap Semi

100nF

C42
Cap Semi

DVDD

*These are bypass capacitors for MCU power.

NC 29NC 5NC 12NC 13
NC 23
NC 25

V
CC

IO
1

RXD 2

RI 3

G
N

D
4

DSR 6

DCD 7CTS 8

CBUS4 9
CBUS2 10

CBUS3 11

USBDP14
USBDM15

3V3OUT16

G
N

D
17

RESET18

V
C

C
19

G
N

D
20

CBUS1 21CBUS0 22

A
G

N
D

24

TEST26

OSCI27

OSCO28

TXD 30

DTR 31

RTS 32

G
N

D
33

U5
FT232RQ-Reel

DGND

0
R34

100nF
C16

DGND
D4 D3

10K
R11

10K
R10

TXLED
RXLED

U2RX
U2TX

USBDM

USBDP

47pF
C25

47pF
C24

1uF
C14

0.1uF
C15

Factory Default

270R12

VBUS

UART_VDD

MCU

COFS/RG15 1

AN16/T2CK/T7CK/RC1 2
AN17/T3CK/T6CK/RC2 3

SCK2/CN8/RG6 4
SDI2/CN9/RG7 5

SDO2/CN10/RG8 6

MCLR7

SS2/CN11/RG9 8

VSS 9VDD10

AN5/IC8/CN7/RB511 AN4/IC7/CN6/RB412 AN3/CN5/RB313 AN2/SS1/CN4/RB214 PGEC3/AN1/VREF-/CN3/RB115 PGED3/AN0/VREF+/CN2/RB016

PGEC1/AN6/OCFA/RB617

PGED1/AN7/RB718

AVDD19 AVSS 20

U2CTS/AN8/RB821

AN9/RB922

TMS/AN10/RB1023

TDO/AN11/RB1124

VSS 25VDD26

TCK/AN12/RB1227

TDI/AN13/RB1328

U2RTS/AN14/RB1429

AN15/OCFB/CN12/RB1530

U2RX/SDA2/CN17/RF4 31

U2TX/SCL2/CN18/RF5 32
U1TX/SDO1/RF3 33U1RX/SDI1/RF2 34

U1RTS/SCK1/INT0/RF6 35

SDA1/RG3 36SCL1/RG2 37

VDD38

OSC1/CLKIN/RC12 39

OSC2/CLKO/RC15 40

VSS 41

IC1/INT1/RD842
IC2/U1CTS/INT2/RD943
IC3/INT3/RD1044

IC4/INT4/RD1145

OC1/RD046

PGED2/SOSCI/T4CK/CN1/RC13 47
PGEC2/SOSCO/T1CK/CN0/RC14 48

OC2/RD149
OC3/RD250
OC4/RD351
OC5/IC5/CN13/RD452
OC6/IC6/CN14/RD553
OC7/CN15/RD654
OC8/CN16/RD755

VCAP 56

VDD57

C1RX/RF0 58

C1TX/RF1 59

C2TX/RG1 60C2RX/RG0 61

CSCK/RG14 62

CSDI/RG12 63
CSDO/RG13 64

U8

DSPIC33FJ128GP706A-H/PT

PGCPGD

U2RX
U2TX

U2RXU2TX

D2
LED0

4.7K

R5

D6

D7

D8

1K

R49

1K

R47

1K

R46

DVDD

INT1
INT2

100
R36

47pF
C29

47pF
C30

U13
Switch_DTSM31N

DGND

DGND

12

D9 BAT54T1G
10k

R50

R
ST

1

V
D

D
2

V
SS

3

U14
MCP100T-300I/TT

100nF
C37

MCLR

MCLR

PGD
PGC

1K

R51

100nF
C38

DVDD
DGND

100nF

C43
Cap Semi

4.7uF

C44
Cap Semi

SCK2
SDI2
SDO2
SS2

SCL1
SDA1

ADC_DRDY

ADC_SCLK

ADC_MISO

ADC_START
ADC_RESET

ADC_PWDN

ADC_MOSI

ADC_CS

10K
R39

10K
R40

DVDD

A01

SDA 5A23 A12 WP 7

VSS 4

SCL 6

VCC8 DAP9

U11

24LC16B-I/MC   EEPROM

Zigb_Reset

SCK2
SDI2
SDO2

SS2
INT1

Zigb_Reset

DGND

DVDD

PI
N

1

GND

VDD

nBoot_Load_PIN

PSI

PS
0

PI
N

7

PI
N

8

CA
P

PI
N

10

nR
ES

ET

PI
N

12

PI
N

13

IN
T

PI
N

15PIN16

COM3

COM2

COM1CO
M

0

PI
N

21

PI
N

22

PI
N

23

PI
N

24

G
N

D
IO

X
O

U
T3

2

X
IN

32

V
D

D
IO

U10
BNO055

DGND

DVDD

10K
R48

100nF
C45

10K
R53

INT2

120nF

C34
6.8nF

C33

0*R93

AD_X

AD_Y

AD_Z

1
2
3
4
5

P3

Header 5

GPIO1

OSC1

OSC2

D5

1K

R42

100nF
C36

SDA1
SCL1

ADDR_SEL

ADDR_SEL
GPIO2

GPIO1 GPIO2

1
2

Y1
XTAL

120nF

C32

120nF

C31

123
G

N
D

4

G
N

G
5

SM
T-H

EAD
ER

U4

B
at

te
ry

 H
ea

de
r

AVDD
DVDD 10K

R37

10K
R38

10K
R4310K

R41

10K
R52

0R14

10R17

10R20

Receiver V1.2

Sizhen Bian

10K

R150

AD_X

AD_Y

AD_Z

1uF
C150

D15
LED

1
2
3

U25

Slide Switch

1
2
3

U26

Slide Switch

D16
LED

10K
R151

10pF
C151

10pF
C152

10k

R24

notice the direction

LED better in the edge of board

GND FORCE 1
GND SENSE 2ENABLE3

VIN4
VOUT SENSE 5VOUT FORCE 6

U30

ADR3425ARJZ-R2

1uF
C153

0.1uF
C154

AGND

V2_3.3V

1uF
C155

0.1uF
C156

AGND_X

Amp_Ref_X

GND FORCE 1

GND SENSE 2ENABLE3

VIN4
VOUT SENSE 5VOUT FORCE 6

U31

ADR3425ARJZ-R2

1uF
C157

0.1uF
C158

AGND

V2_3.3V

1uF
C159

0.1uF
C160

AGND_Y

Amp_Ref_Y

GND FORCE 1

GND SENSE 2ENABLE3

VIN4

VOUT SENSE 5VOUT FORCE 6
U32

ADR3425ARJZ-R2

1uF
C161

0.1uF
C162

AGND

V2_3.3V

1uF
C163

0.1uF
C164

AGND_Z

Amp_Ref_Z

AGND_Y

AGND_X

AGND AGND_X

FerriteBead3

AGND AGND_Y

FerriteBead4

AGND AGND_Z

FerriteBead5

1
2
3
4
5
6
7
8

U12

Molex1_25mm_1X8_Stift

1 2
3 4

P4

Header 2X2

AGND

1 2
34 U9

CX3225CA_Crystal

PIC101PIC102

COC1 PIC201PIC202

COC2

PIC401PIC402

COC4

PIC501

PIC502
COC5

PIC601

PIC602
COC6

PIC701
PIC702

COC7

PIC801
PIC802

COC8
PIC901

PIC902
COC9

PIC1001

PIC1002 COC10PIC1101
PIC1102

COC11 PIC1201

PIC1202

COC12

PIC1301

PIC1302 COC13
PIC1401

PIC1402
COC14

PIC1501

PIC1502
COC15

PIC1601

PIC1602
COC16

PIC2101

PIC2102
COC21

PIC2201
PIC2202

COC22 PIC2301

PIC2302
COC23

PIC2401
PIC2402

COC24
PIC2501
PIC2502

COC25

PIC2901
PIC2902

COC29
PIC3001
PIC3002

COC30

PIC3101PIC3102
COC31

PIC3201PIC3202
COC32

PIC3301PIC3302COC33

PIC3401PIC3402
COC34

PIC3601

PIC3602
COC36

PIC3701

PIC3702
COC37PIC3801

PIC3802
COC38

PIC3901

PIC3902
COC39

PIC4001

PIC4002
COC40

PIC4101

PIC4102
COC41

PIC4201

PIC4202
COC42

PIC4301

PIC4302
COC43

PIC4401

PIC4402
COC44

PIC4501
PIC4502

COC45

PIC4601PIC4602

COC46
PIC4701PIC4702

COC47
PIC4801PIC4802

COC48

PIC4901

PIC4902
COC49

PIC5001

PIC5002
COC50

PIC5101

PIC5102
COC51

PIC5201PIC5202

COC52

PIC5401PIC5402

COC54
PIC5501PIC5502

COC55

PIC5701PIC5702

COC57

PIC5801

PIC5802
COC58

PIC5901PIC5902

COC59

PIC6101

PIC6102
COC61

PIC6201

PIC6202
COC62

PIC6301

PIC6302
COC63

PIC6401

PIC6402
COC64

PIC6501

PIC6502
COC65

PIC6601

PIC6602
COC66

PIC6701

PIC6702
COC67

PIC6801

PIC6802
COC68PIC6901

PIC6902

COC69 PIC7001

PIC7002
COC70

PIC7101

PIC7102
COC71

PIC7201
PIC7202

COC72
PIC7301
PIC7302

COC73
PIC7401
PIC7402

COC74

PIC7601PIC7602

COC76

PIC7701PIC7702

COC77
PIC7801 PIC7802
COC78

PIC8001PIC8002

COC80

PIC8101PIC8102

COC81

PIC8301PIC8302

COC83
PIC8401PIC8402

COC84

PIC8501 PIC8502
COC85

PIC8601PIC8602

COC86
PIC8801PIC8802

COC88

PIC8901

PIC8902
COC89

PIC9001

PIC9002
COC90

PIC9101
PIC9102

COC91PIC9201

PIC9202

COC92 PIC9301

PIC9302
COC93

PIC9401

PIC9402
COC94

PIC9501

PIC9502
COC95

PIC9601

PIC9602
COC96

PIC9701

PIC9702
COC97

PIC9801

PIC9802
COC98

PIC9901

PIC9902
COC99

PIC10001PIC10002
COC100

PIC10101 PIC10102
COC101

PIC10201PIC10202
COC102

PIC10301PIC10302

COC103
PIC10401PIC10402

COC104

PIC10501PIC10502

COC105

PIC10701PIC10702

COC107
PIC10801PIC10802

COC108

PIC10901PIC10902

COC109

PIC11001PIC11002

COC110

PIC11201PIC11202

COC112

PIC11301
PIC11302

COC113

PIC11401

PIC11402
COC114

PIC11501

PIC11502
COC115

PIC11601

PIC11602
COC116

PIC11701

PIC11702
COC117

PIC11801
PIC11802

COC118PIC11901
PIC11902

COC119 PIC12001
PIC12002

COC120
PIC12101
PIC12102

COC121

PIC15001
PIC15002

COC150

PIC15101

PIC15102
COC151

PIC15201

PIC15202
COC152

PIC15301

PIC15302
COC153

PIC15401

PIC15402
COC154

PIC15501

PIC15502
COC155

PIC15601

PIC15602
COC156

PIC15701
PIC15702

COC157

PIC15801
PIC15802

COC158

PIC15901
PIC15902

COC159

PIC16001
PIC16002

COC160

PIC16101

PIC16102
COC161

PIC16201

PIC16202
COC162

PIC16301

PIC16302
COC163

PIC16401

PIC16402
COC164

PID101PID102

COD1

PID201

PID202
COD2

PID301

PID302
COD3

PID401

PID402
COD4

PID501 PID502

COD5

PID601 PID602

COD6

PID701 PID702

COD7

PID801 PID802

COD8

PID901PID902

COD9

PID1001
PID1002

COD10

PID1101

PID1102
COD11

PID1201

PID1202
COD12

PID1501

PID1502
COD15

PID1601

PID1602
COD16

PIFerriteBead101 PIFerriteBead102
COFerriteBead1

PIFerriteBead201 PIFerriteBead202

COFerriteBead2 PIFerriteBead301 PIFerriteBead302

COFerriteBead3

PIFerriteBead401 PIFerriteBead402
COFerriteBead4

PIFerriteBead501 PIFerriteBead502

COFerriteBead5

PIL101 PIL102
COL1

PIL201 PIL202

COL2

PIL301 PIL302COL3

PIL501 PIL502

COL5

PIP301

PIP302
PIP303

PIP304

PIP305

COP3

PIP401 PIP402

PIP403 PIP404

COP4

PIP501

PIP502

PIP503

PIP504
PIP505

PIP506

COP5

PIQ101

PIQ102

PIQ103
COQ1

PIR101 PIR102

COR1

PIR201

PIR202

COR2

PIR301

PIR302
COR3

PIR401

PIR402

COR4

PIR501

PIR502
COR5 PIR801

PIR802

COR8

PIR901

PIR902

COR9
PIR1001

PIR1002

COR10
PIR1101

PIR1102

COR11

PIR1201 PIR1202
COR12

PIR1401 PIR1402
COR14

PIR1601
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COR16

PIR1701 PIR1702
COR17

PIR2001 PIR2002
COR20

PIR2101

PIR2102
COR21

PIR2201

PIR2202
COR22

PIR2301

PIR2302
COR23

PIR2401

PIR2402
COR24

PIR2501

PIR2502
COR25

PIR2701

PIR2702
COR27

PIR3101 PIR3102
COR31

PIR3301PIR3302
COR33

PIR3401

PIR3402

COR34

PIR3501PIR3502
COR35 PIR3601

PIR3602
COR36

PIR3701 PIR3702
COR37

PIR3801PIR3802
COR38

PIR3901

PIR3902
COR39

PIR4001

PIR4002
COR40
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PIR4102

COR41
PIR4201 PIR4202

COR42PIR4301

PIR4302

COR43
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COR46
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COR47
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PIR4802

COR48

PIR4901 PIR4902

COR49

PIR5001PIR5002
COR50

PIR5101 PIR5102

COR51

PIR5201

PIR5202
COR52

PIR5301

PIR5302

COR53

PIR5601 PIR5602
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PIR5701

PIR5702
COR57

PIR5801 PIR5802

COR58
PIR5901 PIR5902

COR59

PIR6001
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COR60

PIR6101

PIR6102
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PIR6201 PIR6202
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COR63

PIR6401

PIR6402
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COR67
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COR69
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Fig. 3: The receiver system schematic
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1.1 Transmitter20

The H-Bridge is used to drive the resonance circuit in three axes with the square wave from the21

dsPIC33FJ128GP706. A resonance circuit generates a magnetic field, with the amplitude of the22

induced voltage reaching its maximum. The peak value of the induced voltage is proportional to the23

amplitude of the driving current.24

Fig. 4: Resonant Circuit at Transmitter Side

Fig. 5: Transfer Characteristic

The transfer characteristic of the current in this resonance circuit is shown in Fig. 5. As shown,25

to get a maximum peak value of the current in the coils, the resonant frequency, which needs to be26

tuned throught the LC tank circuit, should equal the frequency of the current.27

In engineering, the Q factor is a dimensionless parameter that describes how under-damped28

a resonator is and characterizes its bandwidth relative to its center frequency. Suppose f0 is the29

resonance frequency, with I(w) = Im, f1 and f2 is the cut-off frequency, with I(w) = Im/1.404.30

Q =
f0

f2 − f1
(1)

This indicates that getting a higher Q factor benefits the signal-to-noise ratio and precise31

resonance.32

After debugging the software and adjusting the transmitter coils, the voltage amplitude in the33

coil reaches its maximum value. The expected parameters are listed in Tables 1.34
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Table 1: Practical oscillating result among six transmitter coils under

excitation of 5V/20Khz

Transmitters Pk-Pk (V) Frequency (KHz) Duty ( % )

T1 105.25 20.02 49.97

T2 108.34 19.97 50.00

T3 102.96 20.04 50.03

T4 108.78 20.01 49.99

T5 105.45 19.98 49.99

T6 100.29 20.02 50.01
∗Data were measured by a Tektronix TDS 2002 oscilloscope. Small deviations in

frequency and duty were caused mainly by the component tolerance.

1.2 Receiver35

Fig. 6: Resonant Circuit at Receiver Side

Fig. 6 shows the LC parallel circuit with a resonant frequency of 20 kHz. In an ideal series RLC36

circuit, as in a tuned radio frequency receiver, the Q factor equals:37

Q =
1

R

√
L

C
=

ω0L

R
(2)

Where R, L, and C are the resistance, inductance, and capacitance of the tuned circuit, respec-38

tively. The larger the series resistance, the lower the circuit Q. For a parallel RLC circuit, the Q39

factor is the inverse of the series case:40

Q = R

√
C

L
=

R

ω0L
= ω0RC (3)

In a parallel LC circuit, the main loss is the resistance of the inductor RL, in series with the41

inductance L. This is a common circumstance for resonators, where limiting the resistance of the42

inductor to improve Q and narrow the bandwidth is the desired result. The strength of a signal in43

space is inversely proportional to the cube of the distance from the signal source to the measured44

position. To achieve a wide detection distance, a receiver coil with a high Q quality is desired.45
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1.3 Analog Signal Processing46

Fig. 7: Butterworth Filter and Amplifier

As Fig. 7 depicts, after the receive coil induces the voltage signal, a two-level amplifier and a47

logarithmic amplifier are used to amplify the signal. OPA378 is a low-noise, zero-drift operational48

amplifier from TI with the Gain-Bandwidth Product up to 900KHz. The combination of low input49

voltage noise, high gain bandwidth, and low power enables it to achieve optimum performance for50

high-precision applications. The first amplifier is used as a voltage buffer to provide a low output51

impedance, and the second amplifier enlarges the signal by five times with negative feedback. It is52

worth noting that, as a low-pass filter, C1 and L1 in the circuit also have an amplified action on the53

voltage signal. This part’s main purpose is to amplify the induced voltage signal. Another significant54

function is to filter the signal so that the signal entering the log amp is stable and as clear as a single-55

frequency signal. The essential purpose of the logarithmic amp is not to amplify (though amplification56

is needed internally) but to compress the signal with a wide dynamic range from the preamp to its57

decibel equivalent. AD8310 from Analog Devices, with a large dynamic range and fast response time,58

is used as a received signal strength indicator, converting the voltage from signal level into decibels.59

The logarithmic amplifier acts both as a linear and a logarithmic amplifier while working. When the60

input signal is weak, it is a linear amplifier with a larger gain; otherwise, it becomes a logarithmic61

amplifier with a decreasing gain when the input signal increases.62

1.4 Magnetic Field Triggering and Signal Acquisition Protocol63

Figure 8 depicts the embedded scheduling protocol implemented in the transmitter–receiver firmware64

and illustrates a representative example of the acquired magnetic field signal. A central router coor-65

dinates the activation of individual transmitter coils by broadcasting their unique identifiers to each66

Zigbee-enabled unit every 50 ms. Upon receiving this command, the corresponding transmitter coil67

initiates a 20 kHz oscillation, driven by an on-board H-bridge and controlled via a pulse-width modu-68

lated (PWM) waveform generated by the microcontroller. The excitation period for each transmitter69

is configured to last 40 ms, allowing sufficient time for magnetic field stabilization and energy buildup.70

On the receiver side, the microcontroller listens for the broadcasted activation signal and initiates71

a delayed acquisition sequence. Specifically, the onboard analog-to-digital converter (ADC) begins72
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Fig. 8: Firmware protocol of the hardware system

sampling after a 5 ms wait period to allow transient oscillations to settle. It then samples the induced73

voltage signal for a duration of 30 ms at a resolution of 1 kHz. This schedule ensures low-noise74

acquisition while minimizing overlap between consecutive transmitter activations.75

The captured signal is transmitted in real time to a nearby processing device either via a TTL-76

to-USB serial connection or over a wireless Bluetooth link, depending on deployment needs. A77

representative time-series signal example is shown, depicting the sequentially triggered responses78

from three transmitter coils (out of a six-coil setup) as recorded by the orthogonal tri-axis receiver.79

These signal traces capture the temporal and spatial characteristics of magnetic field strength across80

different axes, forming the basis for downstream tracking or classification tasks.81

2 Justification of Crosstalk Tolerance82

In the tri-axis receiver coil, measured crosstalk between orthogonal windings was maintained below83

22%. This refers to the maximum induced voltage observed in a non-aligned coil axis relative to the84

primary axis when excited by a single transmitter. While nonzero, this level of crosstalk does not85

significantly degrade the accuracy of magnetic field-based positioning due to the following physical86

and computational factors.87

First, consider the induced voltage components across three orthogonal axes: V1 = 1.0 (normalized88

primary signal), V2 = V3 = 0.22 (crosstalk components). The magnitude of the composite magnetic89

field vector is:90

Beff =
√
V 2
1 + V 2

2 + V 2
3 =

√
1.02 + 0.222 + 0.222 ≈ 1.047 (4)

This yields a relative deviation from the ideal (crosstalk-free) magnitude of only:91

Beff −Bideal

Bideal
=

1.047− 1.0

1.0
= 4.7% (5)

Second, due to the near-field nature of magnetic induction, the field strength decays with the cube92

of distance (B ∝ 1/r3). Thus, any spatial offset between coil windings further reduces the effective93
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magnetic influence of crosstalk components. For example, a 10 cm offset relative to a 20 cm primary94

distance results in:95

(
r

r +∆r

)3

=

(
20

30

)3

≈ 0.296 (6)

This steep decay mitigates the contribution of non-primary components in spatially distributed96

sensing setups.97

Third, the crosstalk is deterministic and consistent across repeated measurements. Therefore,98

data-driven models, such as our physics-informed deep learning architecture, can learn to implicitly99

correct for such systematic interference.100

In practice, we observe that the 22% inter-axis crosstalk does not obviously impair the vector direc-101

tionality required for reliable 3D inference. This is confirmed empirically by the sub-3.0 centimeter102

accuracy achieved in coordinate regression tasks.103

3 Voltage Ratio VS. Frequency Ratio For Frequency Selection104

In an LRC series circuit, assuming that the voltage source is U̇ , angular frequency is ω, the impedance105

of every discrete component is:106

ZR = R, ZL = jωL, ZC =
1

jωC
(7)

The total impedance of this series circuit is107

Z = R+ j

(
ωL− 1

ωC

)
(8)

The Current in the series circuit is108

i̇ =
U̇

Z
=

U̇

R+ j
(
ωL− 1

ωC

) (9)

The RMS of current is109

I =
U

|Z|
=

U√
R2 +

(
ωL− 1

ωC

)2 (10)

The Phase Difference between the voltage and current is110

ϕ = arctan

(
ωL− 1

ωC

R

)
(11)

Those parameters are all functions of ω, as shown in Fig. 9:111

We can easily calculate the RMS of voltage for every discrete component based on current:112

UR = RI =
R√

R2 +
(
ωL− 1

ωC

)2 U (12)

UL = ωLI =
ωL√

R2 +
(
ωL− 1

ωC

)2 U (13)
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Fig. 9: Current in the series circuit vs. frequency

UC =
I

ωC
=

1

ωC

√
R2 +

(
ωL− 1

ωC

)2 U (14)

These three formulas express the Magnitude-Frequency characteristic of the component R, L, and113

C. When 1
ωC = ωL , ϕ = 0 , current and voltage are in phase, the circuit is in series resonant. The114

resonant angular frequency is115

ω0 =
1√
LC

(15)

From formulas 12, 13, 14, when the frequency reaches the resonant frequency, I and UR reach116

their maximum, but the maximum of UL and UC do not appear at the point of resonant frequency.117

Still, they can be easily calculated from formulas 13 and 14, and the resonant frequency of the118

corresponding maximum ULM and UCM are:119

ωL =

√
2

2LC −R2C2
(16)

ωC =

√
1

LC
− R2

2L2
(17)

For a resonant circuit, the quality factor is:120

Q =
ω0L

R
=

1

ω0CR
(18)

Incorporating formulas 16, 17, 18, , we can get:121

ωL =
1√

1− 1
2Q2

ω0 (19)

ωC =

√
1− 1

2Q2
ω0 (20)

When Q > 1√
2
, we get the corresponding maximum value:122
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Fig. 10: Voltage Ratio VS Frequency Ratio(RLC Circuit)

ULM = UCM =
QUM√
1− 1

4Q2

(21)

Here UM is the resistance voltage when the angular frequency is the same with the resonant123

frequency.124

Assuming that we need to calculate a frequency ω so that the voltage of the resonant capacitor is:125

UC = k1UCM (22)

UL = k2ULM (23)

Where k is a factor that we give according to the demand of the application. With formulas 14,126

18, 21, we can calculate the factor k1:127
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k1 =
UC

UCM
=

√
4Q2 − 1

2Q2ωC

√
R2 +

(
ωL− 1

ωC

)2
=

√
4Q2 − 1

2Q2RωC

√
1 +

(
ωL− 1

ωC

R

)2

=

√
4Q2 − 1

2Q2 · ωRCω0

ω0

√
1 +

(
ωω0L
ω0R

− ω0

ω0CR

)2

=

√
4Q2 − 1

2Q2 · ω
ω0

· 1
Q

√
1 +

(
ω
ω0

·Q− ω0

ω ·Q
)2

=

√
4Q2 − 1

2Q · ω
ω0

√
1 +

(
ω
ω0

− ω0

ω

)2

Q2

(24)

Assuming that ω
ω0

= m, then:128

k1 =

√
4Q2 − 1

2Qm

√
1 +

(
m− 1

m

)2
Q2

(25)

In the same way, we can calculate the factor k2:129

k2 =

√
4Q2 − 1

2Qm

√
1 +

(
m− 1

m

)2
Q2

(26)

Q is the quality characteristic of a resonant circuit, which is only related to the parameter of130

the resonant circuit. For example, the variation of frequency has no effect on the value of quality131

characteristic. That is to say, formulas 25, 26 are functions of single variable.132

Fig. 10 shows the relationship between voltage ratio and frequency ratio of a discrete component133

in a series resonant circuit(Q=20). A negligible tiny shift of the frequency ω from ω0 can be observed134

when reaching the highest voltage on the capacitor (same case for inductor). Formula 24 can provide135

a more precise calculation.136

4 Robustness to Metallic Object Interference137

To evaluate the practical deployment viability of our magnetic field-based 3D tracking system, we138

conducted robustness assessments focused on the system’s sensitivity to nearby metallic objects. This139

evaluation is essential for ensuring reliable operation in real-world contexts where users may handle or140

interact with metal-based tools, electronic devices, or infrastructure, such as in industrial assembly,141

smart manufacturing, or augmented reality workspaces.142

In a controlled experimental setup, a metallic object, specifically, a brushed stepper motor with143

conductive casing and internal windings, was brought progressively closer to the receiver coil while144

recording the induced magnetic field signal. The metric used was the variation in rectified amplitude,145

which reflects the net magnetic field magnitude as sensed by the tri-axis receiver.146
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Fig. 11: Perceived strength signal variation against closing metallic object

The results (Fig. 11) reveal that the presence of metallic materials introduces only minor pertur-147

bations to the sensed field when the object is more than 1 cm away from the receiver. Notably, a148

measurable shift in signal strength is observed only when the metallic item approaches within sub-149

centimeter proximity, where mutual inductive effects and eddy current shielding begin to influence150

local field dynamics. At separations of 2 cm and beyond—which is typical in wearable applications151

such as wrist or finger-mounted tracking—the deviation in signal amplitude remains within accept-152

able margins for reliable trajectory estimation. The same conclusion also applied for the robustness153

test at the transmitter side.154

These findings confirm that the system is inherently resilient to moderate environmental perturba-155

tions caused by passive metallic interference. Unlike high-frequency RF systems that are susceptible156

to multipath and conductive scattering, the low-frequency, quasi-static nature of magnetic induction157

exhibits significantly reduced sensitivity to common metal objects. In practice, when the receiver158

coil is positioned on the dorsum of the hand or fingertip, accurate motion tracking is preserved159

even during interactions with metallic surfaces or instruments (as demonstrated by the 3D tracking160

experiment of ”Sorting Hardware Tools”).161

This dual-sided robustness extends the applicability of the proposed system to a wide range of162

real-world tasks involving tools, appliances, and embedded environments, reinforcing its practicality163

for deployment in manufacturing lines, clinical instruments, and everyday human–object interaction164

scenarios.165
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5 Effect of Transmitter Coil Number on Tracking Accuracy166

Table 2: Effect of transmitter coil number on 3D tracking accuracy.

Number of Active Transmitter Coils ATE (cm)

6 (A, B, C, D, E, F) 2.5

5 (A, B, D, E, F) 2.7

4 (A, B, D, E) 3.8

3 (A, B, D) 5.9

2 (A, D) 8.5

1 (A) > 10 (unreliable)

(Coil ID) Top left to right: A, B, C; Bottom left to right: D, E, F.

To evaluate the influence of transmitter coil count on the accuracy of near-range magnetic field167

tracking, we conducted a controlled ablation study using our tabletop experimental setup(the enter-168

tainment activity with Lego Bricks experiment). The environment was initially configured with six169

spatially distributed transmitter coils, enabling full spatial coverage and maximal signal diversity. We170

then systematically reduced the number of active transmitters to assess how signal sparsity affects171

coordinate estimation performance.172

Tracking accuracy was quantified using the absolute trajectory error (ATE) metric under different173

coil activation configurations. As anticipated, reducing the number of transmitters led to a progres-174

sive decline in accuracy, reflecting the system’s reliance on multilateration from multiple spatially175

separated sources. Nonetheless, with only four active coils, the degradation in accuracy was mod-176

est, with an average increase in ATE of just 1.3 cm, compared to the six-coil baseline. This suggests177

that the system retains robustness under moderate hardware reduction, owing to its ability to infer178

spatial structure from partial field information.179

When the number of transmitters was reduced to two, tracking remained viable, with an average180

ATE of approximately 6.5 cm. However, this level of performance may be insufficient for applications181

demanding high-resolution hand or finger tracking. In contrast, with only a single transmitter, spatial182

ambiguity increased markedly, resulting in mean errors exceeding 10 cm, thereby rendering accurate183

localization impractical under such minimal configurations.184

These results demonstrate that magnetic field-based positioning systems benefit substantially185

from signal diversity and spatial redundancy. Importantly, the system architecture supports seamless186

scalability: additional coils can be incorporated with minimal hardware reconfiguration or computa-187

tional burden. Each added transmitter expands the effective coverage area and enhances geometric188

constraints for coordinate inference. Moreover, the low inter-coil interference and efficient signal189

scheduling ensure that increased coil count does not compromise real-time performance. This makes190

the system well-suited for adaptation to larger-scale or multi-user interactive environments where191

higher precision and broader spatial coverage are essential.192
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